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conclusions will be drawn based on experimental results obtained for the ﬁlm formation of oligophenylene and
pentacene molecules on gold andmica substrates. Thin ﬁlms were prepared via physical vapor deposition under
ultrahigh-vacuum conditions and characterized in-situ mainly by thermal desorption spectroscopy, and ex-situ
by X-ray diffraction and atomic force microscopy. In this short review article the following topics will be
discussed: What are the necessary conditions to form island-like ﬁlms which are either composed of ﬂat-lying
or of standing molecules? Does a wetting layer exist below and in between the islands? What is the reason be-
hind the occasionally observed bimodal island size distribution? Can one describe the nucleation process with
the diffusion-limited aggregation model? Do the impinging molecules directly adsorb on the surface or rather
via a hot-precursor state? Finally, it will be described how the critical island size can be determined by an inde-
pendentmeasurement of the deposition rate dependence of the island density and the capture-zone distribution
via a universal relationship.
© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
Organic molecules
Thin ﬁlms
Nucleation
Critical island size1. Introduction
Thin ﬁlms of organic semiconductors have attracted considerable in-
terest in the recent past due to their promising applications in organic
electronics. Various organic electronic devices are already on themarket,
e.g. solar cells, light emitting diodes, displays and radio frequency identi-
ﬁcation tags, to name just a few. The advantages of organic electronics in
comparison to silicon-based technology are manifold. Properties such as
low-cost of fabrication,materialﬂexibility, large-scale fabrication by roll-
to-roll printing at moderate temperatures and even possibly biocompat-
ibility and biodegradability of the electronic material are scientiﬁcally
and technologically attractive. Although for many purposes polymers
are used, the application of small organic semiconducting molecules be-
comes increasingly important. In this case, organic thin ﬁlms are mainly
fabricated by physical vapor deposition. While this method weakens
some of the above-mentioned advantages, it allows a very precise fabri-
cation and tailoring of the organic ﬁlms, which is an inevitable prerequi-
site for detailed investigations of the growth mechanism. However,
despite those inherent advantages of physical vapor deposition tech-
niques, many of the fundamental physical processes taking place during
adsorption and organic thin ﬁlm formation are still poorly understood.
The aimof this short review article is to summarize some of themost
recent ﬁndings regarding the nucleation and growth of ﬁlms composed
of the rod-like organic molecules pentacene (C22H14), p-quaterphenyl
(C24H18) and p-hexaphenyl (C36H26) on gold and mica substrates.
These molecules are commonly used and increasingly relevant for ap-
plications in organic electronics. Pentacene (5A) is the most frequently
used material to fabricate organic transistors, due to its high charge. This is an open access article undercarrier mobility [1], while p-hexaphenyl (6P) was one of the ﬁrst mate-
rials used to build blue light emitting diodes [2]. In the author's view, the
growth characteristics of these rod-like molecules can be seen as prime
examples of organic ﬁlm growth in general.
The organic molecules were deposited on the substrates in an ultra-
high vacuum chamber by physical vapor deposition from a stainless
steel Knudsen cell; the deposited amount was quantitatively measured
with a quartzmicrobalance. The substrateswere clipped onto a heatable
sample holder which allowed the application of thermal desorption
spectroscopy (TDS) to characterize the kinetics and energetics of ad-
sorption and ﬁlm formation. Additionally, Auger electron spectroscopy
(AES) and X-ray photoelectron spectroscopy (XPS) were applied to
chemically characterize the substrates and/or the thin ﬁlms. Low-
energy electron diffraction (LEED)was performed to study the structure
of the monolayer ﬁlms, while the structure and morphology of thick
ﬁlms were measured ex-situ by X-ray diffraction (XRD) and atomic
force microscopy (AFM), respectively. Details on the experimental pro-
cedures can be found in a number of previous publications [3,4,5].
In this article, some frequently discussed issues in the context of the
nucleation and growth of ﬁlms composed of rod-like organic molecules
will be addressed: Which parameters deﬁne whether the island-like
ﬁlm is composed of lying or upright standingmolecules? Is there a wet-
ting layer between and underneath the islands? Can the nucleation and
growth be described by the classical diffusion-limited aggregation
model? The discussion of these issues is mainly based on experimental
work performed in my group at the Graz University of Technology
and on theoretical work carried out by Alberto Pimpinelli at the Rice
University, Texas.the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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When rod-like organic molecules are deposited on a substrate sur-
face theywill ﬁrst adsorb in a ﬂat-lying conﬁguration, in which they dif-
fuse along the surface and meet other molecules to form unstable or
stable clusters, which further grow with increasing coverage and form
islands. It turns out that basically two different island types can be ob-
served, which are either composed of ﬂat-lying molecules or of
upright-standing molecules [6,7,8]. When the molecules are strongly
bound to the substrate surface, not only theﬁrstmonolayer is composed
of lyingmolecules, but also the additionalmolecules in higher layers are
incorporated in ﬂat-lying orientation. Since both the diffusion probabil-
ity as well as the incorporation probability are highly anisotropic,
typically needle-like islands are formed in this case. Examples of such
layer formation are 4P on Au(111) [9,10], 6P on Au(111) [11,12,13],
6P on KCl(001) [14,15] and 6P on crystalline mica [4,16,17]. In Fig. 1a
an optical microscopy (OM) image is shown for a 20 nm thick 4P ﬁlm
deposited on Au(111) at room temperature, showing needle like crys-
tallites of more than 20 μm length [9]. X-ray diffraction reveals that
the crystallites are oriented with the 4P(211) plane parallel to the
(111) plane of the gold surface. This plane is composed of molecules
in a herringbone-like arrangement, where the long axes of the mole-
cules are parallel to this plane and the short axes alternatively parallel
or side-tilted. Moreover, XRD pole ﬁgures show that the molecules in
the crystallites are aligned with respect to the arrangement of the gold
atoms, either along the Au[110] or the Au[112] direction (epitaxial
relationship) [10].
The growth of 6P ﬁlms on Au(111) shows several similarities with
that of 4P, however, a higher substrate temperature is needed to formFig. 1. (a) OM image of 20 nm4P on Au(111) at 300 K, (b) AFM image of 30 nm6P on Au(111) a
mica at 300 K.
Reprinted with permission from Refs. [9] (a), [13] (b), [15] (c), and [4] (d).long needle-like islands. While at 300 K only randomly oriented short
crystallites with diameters around 100 nm are observed, ﬁlms grown
at 430 K exhibit needle-like crystallites of up to 10 μm length [13]. The
reason for this difference is the smaller diffusivity of the longer
oligophenylenes. A large-scale AFM image (Fig. 1b) shows that the
needles aremacroscopically oriented along distinct directions of the un-
derlying substrate and rotated by 120°, again hinting at epitaxial
growth. XRD and pole ﬁgure measurements reveal that in this case
the 6P(213) plane is parallel to the Au(111) surface. The arrangement
of the molecules in this plane is similar to that for the 4P(211) plane.
The azimuthal orientation of the molecules is exclusively along the
Au[110] direction [11].
6P deposited on KCl(001) exhibits a similar temperature dependent
layer formation as described above. However, the diffusion probability
at equivalent temperatures is much higher than on Au(111). While at
and below room temperature only small crystallites form, the deposi-
tion at 450 K leads to extremely long needles (up to several 100 μm).
The AFM image in Fig. 1c shows part of such a long needle which was
formed after deposition of 6P at 450 K. The total amount of deposited
6P corresponds to just 1 nm mean ﬁlm thickness [15]. Cross section
measurements on this needle yield a width of about 200 nm and a nee-
dle height of about 150 nm. It needs to be mentioned that it was quite
difﬁcult to ﬁnd the needles in the AFM at all, demonstrating the ex-
tremely high diffusion length of the 6Pmolecules on KCl at this temper-
ature. Also noteworthy is the uniform width and height of these
needles, which is probably caused by a stabilization due to strain within
the needles. A detailed XRD investigation [18] showed that the long
axes of the 6Pmolecules are again parallel to the (001) plane of the sub-
strate, but the short axis is slightly side tilted, more precisely thet 430 K, (c) AFM image of 1 nm6P on KCl(001) at 450 K, and (d) AFM image of 1 nm6P on
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molecules are normal to the needle direction, which is along KCl[001].
A very special case is the ﬁlm formation of 6P on muscovite mica
(KAl2(AlSi3O10)(OH)2). Generally, well-deﬁnedmica substrates are pro-
duced by cleaving a mica sample along the basal plane, which produces
an atomically ﬂat crystalline surface. Cleavage proceeds along a potassi-
um layer, which yields 0.5 monolayers of potassium in ionized form on
each cleavage plane. Since in the lower lying silicon plane every fourth
Si4+ ion is substituted by an Al3+ ion, the negative net charge in the
subsurface layer and the same number of K+ ions on the surface form
a dipole ﬁeld with components parallel to the substrate [16]. This dipole
ﬁeld particularly causes the 6P molecules to be oriented parallel to the
substrate, as shown for a 1 nm average thick ﬁlm on mica, deposited
at 330 K (Fig. 1d) [4]. It is remarkable that all needles are arranged in
the same direction, indicating the strong inﬂuence of the dipole ﬁeld.
The needles can be up to 1mm long. The needle length and the epitaxial
order is again a function of the substrate temperature [19]. For the
needle-like islands prepared around 330 K the 6P(111) plane is parallel
to the substrate, whereas ﬁlms prepared at 430 K show a strong fraction
of crystals with the 6P(112) plane parallel to the substrate. In both cases
the long axes of the 6Pmolecules slightly deviate from the orientation of
the surface plane by about 4.7° [20].
A completely different growth behavior for rod-likemolecules is ob-
served, when the interaction strength between the molecules and the
substrate is decreased. This can be either due to impurities on the sur-
face, which typically reduce the surface energy, or due to surface
amorphisation, which decreases the intimate contact of the carbon
atoms within the organic molecules and the surface atoms, leading to
decreased Van der Waals interactions. In this case, the molecule–mole-
cule interaction becomes relatively more important, leading to islands
composed of standing molecules, a conﬁguration in which the interac-
tion strength between themolecules and the substrate is reduced. To re-
alize such a molecule arrangement the adsorbed ﬂat-lying monomers
have to reorient during nucleation and subsequent aggregation, which
involves an activation barrier for this process. Therefore, also an increase
of the surface temperature during ﬁlm growth may additionally en-
hance the formation of islands composed of upright standingmolecules.
The regularly arrangedmolecules within the islands typically do not ex-
hibit a commensurability with the arrangement of the surface atoms,
thus no epitaxial growth is observed. Since under most experimental
conditions the ﬁlm growth is governed by the incorporation of diffusing
monomers, the shape of the islands is more or less dendritic. Molecules,
which adsorb and diffuse on top of an island cannot easily descend at
the rim of the islands, due to an existing Ehrlich–Schwoebel barrier
[21,22], thus the typical morphology of these ﬁlms is that of terraced
mounds. Very often, in particular on ill-deﬁned surfaces, a mixture of
needle-like islands composed of lying molecules and terraced mounds,
composed of standing molecules, is observed [23].
In the following several examples of the latter type of islands are
given: A 30 nm thick 4P ﬁlm deposited at 300 K on a Au(111) surface,
whichwas coveredwith just 0.5monolayers of carbon, appears very ho-
mogeneous in opticalmicroscopy, in contrast to that of Fig. 1a.However,
AFM reveals that the ﬁlm is composed of small, randomly oriented
grains, with diameters of a few micrometer (Fig. 2a) [24]. XRD Ɵ/2Ɵ
scans reveal that these islands are highly crystalline, with the 4P(001)
plane being parallel to the gold surface. The orientation of the long
axes of the 4P molecules is slightly tilted with respect to the normal of
the (001) basal plane. No azimuthal alignment with respect to the
Au(111) plane was observed [25]. In Fig. 2b one can nicely see the ter-
racedmounds of 6P on Au(111), with step heights of 2.6 nm,which cor-
responds to the length of the 6P molecules. These islands were found
between the needle-like islands on Au(111) after deposition at 430 K
[13]. Indeed, on a carbon covered surface all the islands are composed
of standing molecules, even down to a one monolayer thick ﬁlm. This
was demonstrated by LEED, which showed a ring-like pattern, indicat-
ing azimuthally randomly oriented domains with upright standingmolecules [26,27]. The ﬁlm growth on mica is a particular case, due to
the dipole ﬁeld on the mica surface, as described above. However, this
dipole ﬁeld can be disturbed either by the deposition of carbon or by
sputter amorphisation. Fig. 2c shows the morphology of a 30 nm thick
6P ﬁlm on sputteredmica, again exhibiting terracedmounds [28,29]. In-
terestingly, on top of thesemounds needle-like crystallites nucleate. The
reason for this behavior and the exact orientation of the molecules in
these crystallites is not yet clear. A similar growth behavior can be
seen for 6P on a 1 ML carbon covered mica surface [4]. For a 1 nm
thick ﬁlm all molecules are contained in slightly dendritic islands com-
posed of standingmolecules. Here, most molecules are contained in the
ﬁrst layer, but some have already nucleated in the second layer.
3. The existence of a wetting layer
One of the frequently discussed questions in the context of island-
like ﬁlms relates to the existence of a strongly bound monolayer
below and between the islands, a so-called wetting layer. A quite pow-
erful method to identify the existence of a wetting layer is thermal de-
sorption spectroscopy (TDS). Typically, the molecules in the wetting
layer aremore strongly bound to the substrate than themoleculeswith-
in the overlying islands. This should lead to desorption peaks at different
temperatures. A typical set of desorption spectra for such a scenario is
shown in Fig. 3a for the system 4P on Au(111) [9]. For low coverage
(up to 0.15 nm) 4P desorbs at around 550 K; this peak is labeled ß1.
With increasing coverage a second peak (labeled ß2) appears at around
370 K, which saturates at about 0.3 nm. This coverage corresponds to a
complete layer of ﬂat-lying molecules. Detailed LEED investigations re-
vealed that this monolayer is composed of 1/2 ML ﬂat-lying (ß1-peak)
and 1/2 ML side-tilted 4P molecules (ß2-peak) [10]. With increasing
coverage a third desorption peak appears at about 350 K (labeled α-
peak)which does not show saturation behavior. Thus, one can safely as-
sume that this peak stems from desorption of molecules contained in
the three-dimensional needle-like islands. The ß-peaks exhibit a shift
of the peak maximum to lower temperature with increasing coverage,
indicating a ﬁrst-order desorption reaction with repulsive lateral inter-
actions between themolecules in thewetting layer. Contrary, the asym-
metric α-peak shifts to higher temperature with increasing coverage, a
clear indication of zero-order desorption, representative for desorption
froma 3Dﬁlm [30,31]. The fact that the ß-peaks remain of the same size,
independent of the size of the α-peak, clearly conﬁrms the existence of
a stable wetting layer of quaterphenyl below and between the needle-
like islands.
A very similar desorption behavior is observed for 6P on Au(111)
[27]. However, interestingly a third desorption peak (labeled ß3)
which saturates at a coverage corresponding to 2 ML of lyingmolecules
shows up before the multilayer α-peak appears, as shown in Fig. 3b.
This indicates that in this particular case the wetting layer consists of
two monolayers of ﬂat-lying molecules. There exist many more exam-
ples for wetting layer behavior of rod-like organic molecules on metal
substrates, e.g. 5A on Au(111) [32] and Ag(111) [33], 6P on Al(111)
[34], but also on non-metallic substrates, e.g. 6P on TiO2(110) [35] or
perﬂuoro-pentacene on silicon dioxide [36]. In all these cases the mole-
cules are orientated parallel to the substrate, both in the monolayer as
well as within the needle-like islands. A further example is the wetting
behavior of 6P on mica(001), the corresponding TDS of which is
displayed in Fig. 3c [4].
A different behavior can be observed for the system 6P on KCl(001)
[37,14]. In this case, TDS provides proof that no wetting layer exists be-
tween the needle-like islands, and hence only a single peak appears in
the desorption spectrum (Fig. 4a). Apparently, the bonding of the 6P
molecules to the substrate is not strong enough to stabilize the wetting
layer, but strong enough to maintain the molecules parallel to the sub-
strate, even in the case of the 3D needle-like islands.
The question now arises towhich extend surface contaminations in-
ﬂuence the wetting layer. Several different scenarios can be observed,
Fig. 2. (a) AFM image of 30 nm 4P deposited at 300 K on Au(111) + 0.5ML carbon. (b) AFM image of 30 nm 6P deposited at 430 K on Au(111). (c) AFM image of 30 nm 6P on sputtered
mica at 300 K. (d) AFM image of 1 nm 6P on C covered mica at 330 K.
Reprinted with permission from Refs. [24] (a), [13] (b), [28] (c), and [4] (d).
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tamination. For 4P on Au(111) the deposition of 0.15 ML of carbon
changes the arrangement of themolecules in thewetting layer, as dem-
onstrated by LEED [38], which has also consequences on the arrange-
ment of the molecules in the multilayer. In addition to the 4P(211)
planes also crystallites with the 4P(201) planes parallel to the
Au(111) are observed by XRD [25]. In both cases, the molecules are
still arranged with their long axes parallel to the substrate surface, the
crystallites exhibit needle-like morphology. For a C-coverage of 0.5 ML
awetting layer (ß-peak) is still clearly visible in TDS (Fig. 4b), which sat-
urates at 0.3 nm, meaning that the molecules are parallel to the surface,
albeit no regular arrangement of themolecules in this wetting layer can
be veriﬁed by LEED [38]. Further 4P deposition again yields the multi-
layer α-peak, which does not saturate. In this case, however, LEED and
XRD investigations clearly show that the multilayer is composed
of standing molecules. Correspondingly, the morphology of the ﬁlm
changed to plate-like islands [25]. The growth scenario for 6P on carbon
covered Au(111) is similar to that for 4P. A wetting layer still exists on a
surface covered with 2 ML of carbon, which saturates at about 0.3 nm,
corresponding to one monolayer of ﬂat-lying molecules. Again, LEED
does not show a regular arrangement of the molecules within this wet-
ting layer [26]. Further 6P deposition leads to islands in which the mol-
ecules are oriented in an upright position as it was already described
above.
Finally, carbon contamination of the mica(001) surface plays a sig-
niﬁcant role for 6P growth. A series of TDS in Fig. 4c shows the decrease
of the wetting layer desorption peak (ß) with increasing C coverage. At
1ML of carbon, nowetting layer is present at all. Even at the smallest 6Pcoverage the molecules nucleate and aggregate into islands composed
of standing molecules [4].
To summarize this chapter, four different growth scenarios were ob-
served, depending on the molecules-substrate interaction strength:
(a) Formation of a wetting layer of lying molecules with needle-like
islands upon the wetting layer, also composed of lying molecules,
(b) Formation of a wetting layer composed of lying molecules, with
dendritic islands formed on the wetting layer, composed of standing
molecules, (c) Formation of needle like islands composed of lying mol-
ecules directly on the surface, without a wetting layer, (d) Formation of
dendritic islands composed of standing molecules, without a wetting
layer. The growth scenarios of (a) and (b) are frequently ascribed in
the literature as Stranski–Krastanov growth and that of (c) and (d) as
Volmer–Weber growth. However, one should keep in mind that this
classiﬁcation, made originally by E. Bauer [39], refers to ﬁlm growth
under near-equilibrium conditions, whereas most of the ﬁlms are
grown far away from equilibrium and the morphology is kinetically
limited.
4. The origin of bimodal island size distributions
There exist several examples in the literature which show a quite
unusual bimodal island size distribution for thin 6P ﬁlms on mica. On
crystalline mica(001) for example small compact islands can be ob-
served between the needle-like islands, as shown in the AFM image of
Fig. 1d [4]. Similar bimodal island size distributions have been observed
for this systemalso by other research groups [17,19,40], however, a con-
vincing explanation for this behavior has not been given at that time.
Fig. 3. (a) TDS of 4P from Au(111). (b) TDS of 6P from Au(111). (c) TDS of 6P from mica(001).
Reprinted with permission from Refs. [9] (a), [27] (b), and [4] (c).
371A. Winkler / Surface Science 652 (2016) 367–377Interestingly, for 6P on sputter amorphised mica, where the dendritic
islands are composed of standing molecules, in a speciﬁc coverage
range also a bimodal island size distribution can be observed, as
shown in Fig. 5a. It could be experimentally veriﬁed that for both
cases the small islands of the bimodal size distribution are due to subse-
quent nucleation, induced by venting the vacuum chamber for the ex-
situ AFM investigations [41]. For the sputter-amorphised mica sub-
strate, we have prepared a series of 6P ﬁlms with different coverages,
up to one monolayer of standing molecules (1 ML corresponds to a
thickness of 2.6 nm). For very low coverages, up to 0.04 ML only small
islands of standing molecules, with mean diameters of about 100 nm,
can be seen in the AFM image. With increasing coverage suddenly
much larger, dendritic islands with diameters of about 2 μm appear,
which are surrounded by a region which is denuded of small islands.
With further increase of the coverage, the number and size of the
large islands increase, whereas due to increased denuded zones the
total number of small islands decreases, as compiled in Fig. 5b.We inter-
pret this behavior in the followingway: At very small coverage a 2D gas
phase of ﬂat-lying monomers exists on the surface; the monomer den-
sity is not sufﬁcient to nucleate stable islands of standing molecules
under these conditions. However, when such a surface is exposed to
air, increased diffusivity and/or a decreased activation energy for nucle-
ation,most probably caused by the adsorption of watermolecules, leads
to venting-induced subsequent nucleation. The originating small islands
are composed of standingmolecules.We could simulate such a scenario
by kinetic Monte Carlo calculations [41]. When the total coverage in-
creases, some stable islands composed of standing molecules already
form at the surface during deposition. These islands are in equilibrium
with the monomer 2D gas phase. Venting of such a sample then leads
to the bimodal island size distribution. The denuded zone around the
larger islands may be viewed as a consequence of the decreased mono-
mer density in the immediate vicinity of the stable islands, according tothe diffusion-limited aggregation model [42]. At even higher coverages,
above about 0.3 ML, most of the monomers are incorporated in the sta-
ble islands during deposition and the monomer density becomes ex-
ceedingly small. Hence, no small islands can form upon venting,
leading to a single island size distribution. At even higher coverages
(above 0.6 ML) coalescence sets in until ﬁnally a full monolayer de-
velops. At this point, one should emphasize that indeed the ﬁrst mono-
layer nearly fully closes before islands in the second layer nucleate.
Unfortunately, this is not the case for the additional layers, which
leads to the well-known ﬁlm morphology of terraced mounds. Appar-
ently, the Ehrlich–Schwoebel barrier at the rim of the islands in the
ﬁrst layer is much smaller than for the higher layers [29,43].
The reason for a bimodal island size distribution on the crystalline
mica(001) substrate, where needle-like islands coexist with small crys-
tallites, is somewhat different. It is known that in this case a wetting
layer exists, as demonstrated by TDS. Such a wetting layer could hardly
be detected by AFM, anyway, we could show that this layer does not
exist anymore after venting. In Fig. 6a several TDS traces are depicted.
Curve a shows a spectrum after depositing 1.6 nm 6P on crystalline
mica. In this spectrum, the ﬁrst large desorption peak stems from
needle-like islands and the second peak from the wetting layer, as al-
ready explained above. Curve b shows a spectrum obtained after depos-
iting 0.32 nm 6P on the surface. Here, only the wetting layer exists, in
agreement with the thickness of a full layer of ﬂat-lying molecules of
about 0.35 nm. One would expect that such a ﬁlm does not show any
structure in the AFM image. However, the opposite is the case, as
shown in Fig. 6b. Many small crystallites cover the surface, which can
only be explained by assuming again a venting induced dewetting and
post-nucleation of the ﬁlm. Actually, the evaluation of the AFM image
with respect to the total coverage by integrating over all islands gives
a mean thickness of 0.4 nm, in good agreement with the expected satu-
rated wetting layer. The ﬁnal proof for the venting induced dewetting
Fig. 4. (a) TDS of 6P from KCl(001), showing nowetting layer (the peakmarked by the arrow stems from the sample holder for high coverage). (b) TDS of 4P from Au(111), contaminated
with 0.5 ML carbon. (c) Change of the wetting layer peak of 6P desorption from mica(001) substrates with increasing carbon contamination.
Reprinted with permission from Refs. [14] (a), [38] (b), and [4] (c).
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In curve c in Fig. 6a the desorption peak representative for the wetting
layer does not exist anymore. However, a peak as expected for desorp-
tion from3D islands can clearly be seen. A broad additional peak at quite
low temperature is most probably caused by coadsorbed water, as
water can also be observed in themultiplexedmass spectrometer signal
[41]. However, the total amount of desorbed 6P before and after venting
is nearly the same. Thus, in a speciﬁc coverage range, when already dur-
ing deposition needle-like islands have developed above the wettingFig. 5. (a) AFM image of the bimodal island size distribution for 0.18 ML 6P on amorphised mic
coverage of 6P on amorphised mica.
Reprinted with permission from Ref. [41].layer, venting would again lead to the bimodal island size distribution
due to subsequent dewetting of the wetting layer, including the denud-
ed zones around the needle-like islands.
5. Attachment versus diffusion limited aggregation
One of the most relevant parameters in characterizing thin ﬁlm
growth is the critical island size i, essentially determining themorphol-
ogy of the growing ﬁlm. This quantity is deﬁned as the largest not yeta, deposited at 400 K. (b) Change of the number of small and large islands with increasing
Fig. 6. (a) TDS curves for 6P from crystalline mica with initial thickness of 1.6 nm (curve a) and 0.32 nm (curve b). Curve c shows the TDS after venting a sample with 0.32 nm 6P and
reinstallation into the vacuum chamber. (b) Ex-situ AFM image of 0.32 nm 6P on crystalline mica.
Reprinted with permission from Ref. [41].
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mer leads to a stable cluster, which can further grow by aggregation.
Clusters of monomers with size ≤ i can disintegrate again. The larger
the critical island size the smaller is the number of stable islands and
hence a coarse-grained ﬁlm will develop and vice versa. Since the ﬁlm
morphology can have signiﬁcant consequences on the physical proper-
ties of the ﬁlm, the knowledge of the critical island size and the possible
tailoring of this quantity is of great importance. Formetalﬁlm growth at
and below room temperature, the critical island size is commonly equal
to 1, meaning that a dimer is already a stable cluster [44]. For rod-like
organic molecules, however, there is ample evidence that this quantity
is typically larger [5,45,46].
The most frequently applied model to describe island-like ﬁlm
growth is the diffusion-limited aggregation model (DLA) [42,47]. It im-
plies that under usual experimental conditions the possibility that a
monomer occupies an adsorption site by direct deposition from the
gas phase is much smaller than that it is visited by amonomer diffusing
on the surface in a given timeframe. In this model, it is assumed that a
monomer, when it reaches another monomer or a stable or an unstable
cluster, is incorporated with a probability of unity. Thus, the growth of
the clusters is just limited by the diffusion ﬂux, which in turn is deter-
mined by the deposition rate. At the beginning of ﬁlm growth the num-
ber of stable islands increases, described by the nucleation rate, but
above a speciﬁc coverage the number of islands reaches a maximum.
In this regime, the so-called aggregation regime, no new islands can
form, attributable to the monomer density becoming very small due
to the immediate incorporation of the monomers into the islands [48].
Venables et al. [49] have demonstrated that the number of islands N in
the aggregation regime is, inter alia, a function of the critical island
size i:
N
N0
¼ η Θ; ið Þ 4R
ν0N0
  i
iþ2
exp
iEd þ Ei
iþ 2ð ÞkT
 
: ð1Þ
Here N0 is the number of adsorption sites, R the deposition rate, ν0
the attempt frequency for surface diffusion, Ed the diffusion energy, Ei
the binding energy of the critical cluster, k the Boltzmann constant
and T the surface temperature. η is a weak function of the coverage
and i, with typical values in the range 0.2–0.3 [49]. According to this
equation, the critical island size can simply be obtained by the deposi-
tion rate dependence of the island density in the aggregation regime.
The slope α of the plot lnN vs lnR directly yields the critical island size,via α= i/(i + 2). Thus, the slope can only have values between 0.33
for i= 1 and 1 for i approaching inﬁnity.
In this context, we have studied the nucleation and growth of 6P on
sputter amorphisedmica in detail [50]. In Fig. 7a a set of AFM images for
6P deposited at 200 K on amorphised mica is depicted for different de-
position rates. One can impressively see the strong increase of the island
density with increasing deposition rate. In Fig. 7b lnN vs lnR plots are
compiled for different substrate temperatures. Evidently, there is not a
single slope deﬁning the critical island size, but for all temperatures a
clear bend in the curves exist, indicating a cross-over between two dif-
ferent nucleation regimes. However, the most surprising result is that,
whereas the slope at low deposition rate is about 0.7± 0.1, the slope in-
creases to 1.4± 0.1 for high deposition rate. This is obviously incompat-
ible with the DLA model. We proposed that the experimental result
should be described by another aggregation model rather than by
DLA, namely via attachment-limited aggregation (ALA). [50]. Indeed,
such a scenario has been taken into account by Kandel [51], to describe
the Si homoepitaxy on Si(111) with Sb as surfactant [52]. Themain idea
of the ALA model is that due to an activation barrier for the incorpora-
tion of the monomers at the rim of the islands (e.g. due to an adsorbed
surfactant at the rimof the islands) the attachment probability is no lon-
ger equal to one, as assumed in the DLAmodel. One can clearly envision
how such a scenario may also come into effect for the incorporation of
rod-like organic molecules at the island rims. One needs to be aware
that considerable reorientation of theﬂat-lyingmoleculeswill be neces-
sary in order to be incorporated at the rim of an island consisting of
standing molecules. By taking an activation barrier Eb for attachment
into account, Kandel [51], as well as Venables and Brune [53], derived
a relationship between the island density and the deposition rate for
such a scenario in the following form:
N
N0
¼ η Θ; ið Þ 4R
ν0N0
  2i
iþ3
exp
2 i Ed þ Ebð Þ þ Ei½ 
iþ 3ð ÞkT
 
: ð2Þ
While the general form of this relationship is similar to Eq. (1), the
meaning of the exponent is changed to α= 2i/(i+ 3). Thus, the slope
can vary between 0.5 for i=1 and 2 for large i, and the experimentally
obtained value of α=1.4 ± 0.1 is compatible with the ALAmodel. The
quantitative evaluation of the data in Fig. 7b yields i=5±2 for low de-
position rate, assuming DLA, and i= 7± 2 for high deposition rate, as-
suming ALA. A very similar result has also been found for the rod-like
molecule pentacene deposited on amorphous mica [54], suggesting
Fig. 7. (a) AFM images (8 μm× 8 μm) of about 0.2 ML 6P deposited at amorphousmica at 200 Kwith different deposition rates: (i) 0.037ML/min, (ii) 0.097ML/min, (iii) 0.3 ML/min, and
(iv) 0.8 ML/min. (b) Deposition rate dependence of the island density for 6P on amorphous mica, deposited at four different temperatures.
Reprinted with permission from Ref. [50].
374 A. Winkler / Surface Science 652 (2016) 367–377that the observed nucleation behavior is rather genuine for the ﬁlm
growth of rod-like organic molecules.
6. Hot-precursors involved in adsorption and nucleation
It is evident that the number of islands in the aggregation regime is
basically determined by the experimental parameters of deposition rate
and substrate temperature, in addition to system speciﬁc parameters.
According to Eqs. (1) and (2), which describe this relationship for DLA
and ALA, respectively, the island density lnN should be proportional to
1/T, for both cases. Thus, a plot of lnN vs 1/T should yield a straight
line, whose slope is a function of the involved activation energies. Inter-
estingly, a search in the literature reveals that in many cases a more or
less strong deviation from a linear relationship is observed [55,56,57].
This is also true for the experiments carried out in our laboratory for
6P and 5A on amorphous mica. In Fig. 8a we compiled data for 6P on
mica deduced from the work by Potocar et al. [5] and by Tumbek et al.
[50], as well as for 5A on mica [58]. In spite of the large scatter of the
data points a clear deviation from a linear relationship is observed.Fig. 8. (a) Substrate temperature dependence of the island densities for various ﬁlm/substrate
R) and from Ref. [58] for 5A-mica. (b) Experimental data points for 5A on mica, together wit
(8 μm × 8 μm) for different substrate temperatures are shown.
Reprinted with permission from Ref. [58].Furthermore, the slopes in the low temperature regime are way too
small (in the order of 40 meV) to be physically reasonable for the in-
volved energies Ed, Ei and Eb.
In literature, different explanations have been given for the observed
behavior. Berlanda et al. [56] proposed post-deposition nucleation and
growth being responsible for the leveling off at low temperature. Ribič
et al. [55] ascribed this phenomenon to the possible desorption at high
temperature, while Yang et al. [57] made a change in the growthmech-
anism as a function of temperature responsible for the deviation of a
straight line in the lnN vs 1/T plot. In our recent work [58] we proposed
a quite different nucleation scenario that should account for the ob-
served behavior. We suggest that the impinging molecules, which pos-
sess initially a kinetic energy according to theKnudsen cell temperature,
cannot immediately dissipate their kinetic energy upon impact on the
surface. Furthermore, excited rotational and vibrational states have to
equilibrate. This will lead to a hot-precursor state in which the mole-
cules are conﬁned to the surface but have some transient mobility
along the surface until they fully accommodate. Consequently, since
the effective temperature of the molecules on the surface is largersystems, taken from Ref. [5] for 6P-mica-Potocar, from Ref. [50] for 6P-mica (high and low
h three ﬁt curves, as described in the text. In the inset, some corresponding AFM images
Fig. 9. Island density of 5A on sputter amorphisedmica as a function of the deposition rate
at 300 K. The inset shows AFM images (8 μm × 8 μm) for different deposition rates.
(a) 0.01 ML/min, (b) 0.15 ML/min, (c) 0.48 ML/min, and (d) 1.37 ML/min.
Reprinted with permission from Ref. [54].
375A. Winkler / Surface Science 652 (2016) 367–377than the surface temperature this leads to a smaller island density than
calculated. The deviation increases with the difference between the
evaporation temperature and the surface temperature. Although the ex-
istence and importance of transient mobilities in precursor states have
frequently been questioned in the past, nowadays, this scenario is gen-
erally accepted. A comprehensive reference list to this subject can be
found in a recent paper by Gao et al. [59].
It is quite difﬁcult to describe the microscopic details of the forma-
tion and duration of a hot-precursor state and the subsequent processes
which lead to nucleation. When an impinging molecule encounters the
substrate surface, part of its initial kinetic energy and internal energy
will be dissipated, but some part of the normal energy can also be con-
verted into parallel kinetic energy and/or frustrated rotational motion.
Furthermore, themoleculewill be accelerated in the attractive potential
and this energy can then also be partially converted into lateral motion.
The rotational to lateral kinetic energy conversion will then depend on
the orientation of the impingingmolecule. When themolecule is ﬁnally
trapped on the surface it will travel along the surface in a ballistic-like
motion, where it can continuously lose energy by inelastic scattering
with surface phonons until it fully equilibrates and any further motion
can be described by random hopping. During this hyper-thermal so-
journ the molecules can hit other molecules to form unstable or stable
clusters, or become incorporated into an existing cluster. Clusters that
are formed this way are not necessarily in equilibriumwith the surface;
hot molecules hitting the islands may transfer enough energy to break
them apart or at least to detach single monomers. A comprehensive de-
scription of the processes for molecules in a hot-precursor and their
contribution in aggregationwould require detailedMolecular Dynamics
and kinetic Monte Carlo simulations and has, to the best of our knowl-
edge, not been performed on large organic molecules. However, a de-
tailed analysis of hot-precursors based on rate equations has been
performed recently by T. Einstein, A. Pimpinelli et al. [60,61].
For a semi-quantitative description of our experimental data we
mimic the increased mobility in the hot-precursor state by a random
diffusion of molecules with an effective temperature Teff, larger than
the surface temperature [58]:
Teff T i; Ts; κð Þ ¼ T i–κ• T i−Tsð Þ ð3Þ
with Ti the temperature of the impinging molecules (i.e. the Knudsen
cell temperature), Ts the surface temperature and κ being a coefﬁcient
which is related to the energy dissipation during the molecule impact
at the surface and the sojourn in the hot-precursor.
In Fig. 8b three quantitative ﬁts to the experimental data for 5A on
mica are shown by applying Eqs. (2) and (3). Unfortunately, in addition
to the accommodation coefﬁcient κ also the involved energies and
the frequency factor for diffusion ν0 are ﬁt parameters. For simpliﬁca-
tion we assume a bond-breaking model for the binding energy
Ei≈ (i− 1)Ec, with Ec being the binding energy between twomolecules.
Furthermore, we deﬁne a mixed energy Ē = Ed + Eb + Ec [58]. The ﬁt
curves in Fig. 8b are derived with (a) Ē = 1.01 eV, κ = 0.23, (b) Ē =
0.99 eV, κ= 0.25, and (c) Ē = 0.98, κ= 0.27. The curvature of the ﬁt
is mainly determined by the coefﬁcient κ. Only values between
κ≈ 0.15–0.3 lead to a proper curvature. For surface diffusion we have
used the classical frequency factor of 10−13 s−1. However, since according
to transition state theory, the rate constant ν is described by ν ¼ ðkTh Þðq
‡
q Þ,
with q‡ and q being the partition functions in the transition state and the
adsorbed state [62], respectively, this value can bemuch larger for large
organicmolecules. This has not only been shown for desorption [31] but
also for diffusion of organic molecules, e.g. ν0 = 2 × 1017 s−1 for 6P on
sputtered mica [5]. Using such a diffusion frequency we obtain a best ﬁt
with Ē= 1.49 eV and κ= 0.19. Thus, in spite of the rather broad range
of possible activation energies and frequency factors, we can set limits
for the sum of the involved energies Ē≈ 1–1.5 eV and the accommoda-
tion coefﬁcient κ≈ 0.19–0.25. The obtained values for the energies aremuch more realistic than those deduced by the classical evaluation,
where diffusion of equilibrated molecules is assumed.
7. General scaling relationships for island ﬁlm growth
The critical island size i can be experimentally obtained from the
deposition rate dependence of the island density, as described above,
according to N ~ Rα. However, in order to derive the critical island
size one has to know the exact physical mechanism for nucleation
and aggregation [63]. In case of diffusion-limited aggregation (DLA)
α= i/(i + 2) [53], whereas for attachment-limited aggregation (ALA)
α=2i/(i+3) [51]. Additional evaluationmethods have been proposed
in the literature for the determination of i. It has been shown that also
the island size distribution (ISD) for given R and T is determined by i.
Amar and Familiy [64] have proposed an ad hoc analytical function for
DLA,which has been frequently applied to determine i from experimen-
tally obtained ISD [5,45,65,66]. More recently Pimpinelli and Einstein
have proposed an alternative analytic approach to extract i based on
the capture zone distribution (CZD) [67], which has been successfully
applied for 6P growth on a variety of substrates [5,68]. Capture zones
are approximated by Voronoi polygons, which are regions around the
islands whose points are closer to the respective island center than to
any other island center. The analytical form coincides with the so-
called generalized Wigner distribution [69]:
P ßsð Þ ¼ aßsß exp −bßs2
 
: ð4Þ
Here s= v/V, with v the Voronoi cell size, V the mean value of v, aß
and bß are constants ﬁxed by normalization and unit-mean conditions
[67] and ß is a function of i. Themost interesting aspect of the approach
by Pimpinelli and Einstein is that the small area behavior of theCZD (de-
termined by sß) is dictated by the physics of the nucleation and aggrega-
tion process. It was conjectured that a proportionality exists between
the probability of ﬁnding a given value of s and the probability of nucle-
ating a new stable island [54]. The latter is proportional to the integral
over the monomer density within the capture zone. The variation of
the monomer density depends on the speciﬁc aggregation process. For
instance, if the aggregation is diffusion limited, where the attachment
is fast compared to diffusion, the monomer density vanishes at the is-
land rim. On the other hand, for attachment limited aggregation the
monomer density within the Voronoi cell remains rather uniform.
Fig. 10. Capture zone distributions for 5A deposited on amorphous mica at 300 K with a deposition rate of (a) 0.08 ML/min and (b) 1.37 ML/min. The ﬁt curves were calculated using
Eq. (4). In the insets, representative Voronoi tessellations are shown.
Reprinted with permission from Ref. [54].
376 A. Winkler / Surface Science 652 (2016) 367–377Detailed calculations yield the result that the parameter ß in Eq. (4) is
equal to i+ 2 for DLA, but (i+ 3)/2 for ALA [54].
As a consequence of the considerations made above, the determina-
tion of the critical island size from CZD also requires the knowledge of
the particular dominant aggregation process. In this context, we have
studied the ﬁlm growth of 5A on sputter amorphised mica. In Fig. 9
the deposition rate dependent island size distribution shows again a
bend in the lnN vs lnR plot, with a slope of α= 0.8 ± 0.1 at low depo-
sition rate, increasing toα=1.3± 0.1 at high deposition rate [54]. This
points to a similar cross-over from DLA to ALA, as observed for the sys-
tem 6P on mica [50]. Evaluation of the critical island size i at low R (as-
suming DLA) yields a value of iwith a large error, (5 b i b 18), for high R
(assuming ALA) one obtains i≈ 5.6 ± 1.
Alternatively, we have measured the CZD for this system in the low
and high R regime. This is shown in Fig. 10a,b. Fits are made to the ex-
perimentally obtained data points by using Eq. (4). Bestﬁts are obtained
with ß=5± 1 for low R and ß=4± 1 for high R. The deduced critical
island sizes are i = 3 ± 1 for low R (assuming DLA) and i = 5 ± 2 for
high R (assuming ALA). While the agreement for i between the rate de-
pendent measurements and the CZD are very good for high R, they are
less convincing for low R. This is most probably due to the fact that in
the low R regime the aggregation cannot be described by a pure DLA
mechanism.
One of the most impressive results of the considerations made by
Pimpinelli et al. [54], however, is the simple, general relationship be-
tween the exponents α of the power law relation N ~ Rα and the expo-
nent ß in the CZD, P(s) ~ sß, which reads
α  β ¼ i: ð5Þ
It turns out that this relationship should hold, independent of the
speciﬁc aggregation mechanism. Thus, the independent measurement
ofα and ß, via the deposition rate dependent island density and the cap-
ture zone distribution, respectively, allows a rather precise determina-
tion of the critical island size i. Combining the data in Fig. 9 and Fig. 10
we obtain i= 4 ± 1 at low R and i= 5.2 ± 1 at high R.
8. Summary and conclusions
In the understanding of the initial steps of organic thin ﬁlm growth,
in particular for rod-likemolecules, substantial progress has beenmade
in the recent past. One is now in a position to make quite accurate pre-
dictions of the ﬁlm morphology, energetics and kinetics as a function of
the molecule/substrate system and of the preparation conditions, i.e.
the deposition rate, substrate temperature and substrate conditioning.
The ﬁlm growth of oligo-phenylenes and acenes onmetal and dielectric
substrates can be considered asmodel systems, fromwhich a number of
conclusions can be drawn. In this short review article, I have focused on
p-quaterphenyl, p-hexaphenyl and pentacene, deposited mainly ongold and mica substrates. One can roughly divide the substrates into
rather reactive, in our case Au(111) and freshly cleaved mica(001),
and rather unreactive, in our case carbon covered Au(111) and carbon
covered or sputter-amorphised mica. On the reactive surfaces typically
ﬁrst a wetting layer of ﬂat-lying molecules forms upon which islands
grow, which are likewise composed of lying molecules. Due to the an-
isotropic diffusion and incorporation probability at the rim of the
islands, these islands have a needle-like shape (e.g. 4P-Au(111) [9],
6P-Au(111) [13], 6P-mica(001) [4]). On the rather unreactive surfaces,
typically nowetting layer forms and themolecules nucleate into islands,
composed of upright-standing molecules. These islands have a more
or less dendritic shape, due to diffusion-limited aggregation (e.g.
6P-mica + C [4], 6P sputtered mica [4], 5A-sputtered mica [54]). In
some cases awetting layer of lyingmolecules forms, onwhich dendritic
islands composed of standing molecules grow (e.g. 4P-Au(111) + C
[38], 6P Au(111) + C [26]).
A caveat in the interpretation of the ﬁlmmorphology, typicallymea-
sured by ex-situ AFM, and the comparison with in-situ measured ﬁlm
properties, is the occurrence of venting-induced nucleation. This has
been shown to take place for 6P and 5A on crystalline and sputter-
amorphised mica [41]. In particular very thin layers, e.g. wetting layers,
may dewet and form islands due to the exposure to air, most probably
due to water coadsorption. In a particular coverage regime, when dur-
ing deposition already nucleated islands are in equilibrium with the
2D gas phase, venting induced subsequent nucleation leads to a pro-
nounced bimodal island size distribution. Thicker ﬁlms are of course
less prone to subsequent dewetting.
A quite important issue in the ﬁlm growth of extended organic mol-
ecules is the question, whether the nucleation can be described by the
well-known models derived for point-like monomers, e.g. for metal
atoms. The latter is successfully described by the diffusion-limited ag-
gregation (DLA) model, in which it is assumed that a critical island
size has to be surmounted to get stable islands. Furthermore, it is as-
sumed that the incorporation probability of the diffusing monomers at
the rim of the islands is unity.We could show that the latter assumption
is no longer valid in the case of rod-like molecules [50]. It is easy to
understand that for the ﬂat-lying elongated monomers, when they en-
counter the rim of an island composed of standingmolecules, consider-
able reorientation has to take place, leading to an activation barrier for
attachment. Experiments on the deposition rate dependence of the is-
land density in the aggregation regime have shown that the classical nu-
cleation model derived by Venables et al. [49] for DLA, cannot explain
the results. However, an attachment-limited aggregation (ALA) model,
proposed by Kandel [51], allows a satisfactory description of the exper-
iments. A critical island size of about 5 pentacene molecules and of
about 7 hexaphenyl molecules on amorphous mica was obtained from
the deposition rate dependence of the island density.
Within the nucleation models, either for DLA or for ALA, it is as-
sumed that the impinging molecules immediately accommodate to
377A. Winkler / Surface Science 652 (2016) 367–377the surface temperature and diffuse on the surface in a random walk
likemotion. However, we could unequivocally demonstrate that this as-
sumption does not allow the description of the temperature depen-
dence of the island density properly [58]. In fact, the impinging
molecules, which possess kinetic energy according to the temperature
of the evaporation cell, will be trapped in a so-called hot-precursor
state, in which the molecules can move along the surface for some
time in a ballistic-like motion, until they ﬁnally become thermalized
due to sufﬁcient phonon excitations. The consequence of this hyper-
thermal diffusion is that less, but larger islands nucleate than under
thermal equilibrium conditions. This effect increaseswith the difference
between the evaporation cell temperature and the surface temperature.
The above-mentioned critical island size i is an important parameter,
because it determines the grain size of the ﬁlm. This information is
important for many applications of the organic ﬁlm. One method to
get information on this quantity is the above-mentioned relationship
between the island densityN and the deposition rate R. The relationship
has the form N ~ Rα(i), with α = i/(i + 2) for DLA [49] and α =
2i/ (i + 3) for ALA [51]. It was suggested in literature that the island
size distribution (ISD) [64] and/or the capture-zone distribution (CZD)
[67] can also be used to extract information on the critical island size.
In particular, for the CZD Pimpinelli and coworkers [54,67] have pro-
posed an analytic relationship in the form P(s) ~ sß(i). Here, s is the
size of the capture zones, P(s) the probability of capture-zones with
the size s and the ﬁt parameter ß is a function of i, with ß = i + 2 for
DLA and ß = (i + 3)/2 for ALA. The disadvantage for the application
of the presented relationships is that the exact aggregation scenario, ei-
ther DLA or ALA, has to be known. However, themost impressive result
of the considerations by Pimpinelli et al. [54] is that the relationship
α·ß = i holds, independent of the speciﬁc aggregation scenario. Thus,
the independent determination of α from the deposition rate depen-
dence of the island density, and ß from the capture zone distribution, al-
lows the explicit determination of the critical island size.
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